1. The activities of some key enzymes of glycolysis and gluconeogenesis were measured in embryonic chick, sheep and rat livers. 2. In chicken the activities of hexokinase, phosphofructokinase and pyruvate kinase are low, but those of glucose 6-phosphatase and fructose diphosphatase are very high; the converse situation exists in the rat (Burch et al. 1963 ), but in sheep the activities of both phosphofructokinase and fructose diphosphatase are high, and the activities of hexokinase and glucose 6-phosphatase are low. These findings are discussed in relation to carbohydrate metabolism in these embryonic livers. 3. The regulatory properties of fructose diphosphatase from the embryonic livers of these three species were compared with the properties of the enzymes from adult animals. The 
1. The activities of some key enzymes of glycolysis and gluconeogenesis were measured in embryonic chick, sheep and rat livers. 2. In chicken the activities of hexokinase, phosphofructokinase and pyruvate kinase are low, but those of glucose 6-phosphatase and fructose diphosphatase are very high; the converse situation exists in the rat (Burch et al. 1963 ), but in sheep the activities of both phosphofructokinase and fructose diphosphatase are high, and the activities of hexokinase and glucose 6-phosphatase are low. These findings are discussed in relation to carbohydrate metabolism in these embryonic livers. 3. The regulatory properties of fructose diphosphatase from the embryonic livers of these three species were compared with the properties of the enzymes from adult animals. The inhibitions by AMP and fructose diphosphate and the effects ofMg2+ and pH on the activities of adult and foetal fructose diphosphatase are almost identical. 4. It is concluded that regulatory properties are characteristic of fructose diphosphatase from embryonic and adult tissue, and the importance of this in relation to enzyme development is discussed.
Studies with enzymes in embryonic tissue have been mainly confined to measuring enzyme activity changes during development, in an attempt to correlate differentiation with enzyme synthesis.
Metabolic activity in embryonic tissue is under genetic control such that, at a particular time of development, specific enzyme synthesis is initiated and a particular metabolic reaction or pathway is established. It is not known, however, how the rate of enzyme synthesis is regulated during the remainder of embryonic and post-natal development or whether other metabolic control systems are also present. Certain properties of enzymes in adult animals which are considered to be of importance for metabolic control may only appear at a late stage of development. Some changes during development have been observed for a number of proteins (e.g. lactate dehydrogenase isoenzymes; see Markert & Ursprung, 1962; Kaplan & Goodfriend, 1964 (Taketa & Pogell, 1965; Underwood & Newsholme, 1965b (Needham, 1931) . The FDPase of the embryonic sheep appears to be related to liver glycogen metabolism rather than glucose metabolism (see the Discussion section). The experiments presented and discussed in this paper were designed to examine whether the control mechanisms in the three species might be different or develop at different stages.
MATERIALS AND METHODS
Chemicals and enzymes. These were obtained from the sources given by Underwood & Newsholme (1965a,b without interfering in the measurement of the extinction; this was important when the total activity in the tissue was very low. However, some enzyme activities were assayed in the 600g supernatant, namely glucose 6-phosphatase, hexokinase and glucokinase.
For the determination of phosphofructokinase, FDPase and pyruvate kinase activities, the livers were extracted in 3vol. of a solution comprising 20mM-tris, 5mM-MgSO4 and 01mM-EDTA, pH8-0. For the assay of hexokinase and glucokinase activities, the livers were extracted in 3vol. of a medium comprising 100mM-tris, 150mM-KCl, 5mM-EDTA, 10mM-mercaptoethanol and 10mM-MgCl2, pH7-6; the 600g and 100000g supernatants were dialysed against several changes of 100vol. of the same medium at 0-2' for 4hr. to remove endogenous glucose. For the measurement of glucose 6-phosphatase activity the tissue was extracted in 100mM-potassium citrate, pH6-5.
Assay of enzymes. Phosphofructokinase (EC 2.7.1.11) was assayed by the procedure for crude extracts described by Underwood & Newsholme (1965a) ; the assay medium contained I mm-AMP to inhibit FDPase. Pyruvate kinase (EC 2.7.1.40) activity was assayed as described by Krebs & Eggleston (1965) . FDPase assays were based on the method of Underwood & Newsholme (1965b) , and varied as indicated in the Tables. Hexokinase (EC 2.7.1.1) and glucokinase (EC 2.7.1.2) activities were measured usually with 600g supernatant by the method of Viiiuela, Salas & Sols (1963) , except that the cysteine was replaced by mercaptoethanol. Glucose 6-phosphatase (EC 3.1.3.9) activity was assayed with the 600g supernatant as described by Harper (1963) , and the inorganic phosphate liberated was measured by the method of Allen (1940) in a Zeiss model PMQII spectrophotometer.
All enzyme-activity measurements, except that of glucose 6-phosphatase, were carried out in a Gilford recording spectrophotometer at 250, and the results expressed as ,umoles of product formed/g. wet wt. of liver/hr. All the assays were carried out at least in duplicate, and each separate extract was tested to see if the enzyme activity was linear with increasing concentrations of extract. Each replicate represents an extract from a single animal or a pooled sample from several animals (when one animal provided insufficient material).
RESULTS
Pattern of embryonic development of some key enzymes of glycolysis and gluconeogenesis Presented in Table 1 (Table 3 ). There were slight differences between species in the concentration of Mg2+ required for maximum activity; thus in the rat 2 5-10mxMMg2+ was optimum, whereas in the sheep and the fowl 10-2 5mM-Mg2+ produced the highest activities. The responses of embryonic and adult enzymes from rat, sheep or fowl to this essential cation are very similar, as is shown by the ratio of activities, adult/embryonic (Table 3) .
Effect of substrate concentration. FDPase from embryonic livers of all three species studied was inhibited by high concentrations of the substrate. The optimum substrate concentration varies between species (Table 4) ; thus in the rat and sheep 50-100,uM-fructose diphosphate gave the highest activity, whereas in the fowl 10-25 uM was optimum. The degree of inhibition at high substrate concentrations (1-5mm) is also different for each species.
Rat and sheep were inhibited 66% and 50% respectively by 5mM-fructose diphosphate, whereas the fowl FDPase was inhibited 80% by only 1mM-fructose diphosphate. Despite these differences between species there were only minor differences between the responses of the embryonic and adult FDPase to the substrate concentration, as is shown by ratio of activities, adult/embryonic, for each species (Table 4) .
Inhibition by AMP. The FDPase enzymes present in liver, kidney and muscle ofvarious species are all inhibited by low concentrations of AMP (Taketa & Pogell, 1965; Mendicino & Vasarhely, 1963; Underwood & Newsholme, 1965b; Krebs & Woodford, 1965) . In the present investigation, the activity of hepatic FDPase in all three species, both embryonic and adult, was inhibited by low concentrations of AMP. Thus, in the presence of 5mM-Mg2+, 50% inhibition of embryonic FDPase activity was produced by 30, 9 and 12ptM-AMP in the rat, sheep and chick respectively (Table 4) . Underwood & Newsholme (1965b) showed that AMP inhibition of rat liver FDPase was relieved by Mg2+. This effect was confirmed in the present investigation and extended to include the enzymes from adult sheep and fowl livers, and from the embryonic livers of the three species. These results are presented in Table 5 Table 4 . Effect of 8ub8trate concentration on the activity offructo8e 1,6-dipho8phata8e from the liver8 of embryonic and adult rat8, 8heep and fowls
Values given are the means+s.z.M. of at least three replicates (see Table 1 ). Activity was measured in the presence of 5mM-Mg2+. Other details are given in the text. Age of embryos was as given in be more sensitive to AMP inhibition at 0 5 and AMP, at very low concentrations, activated FDPase 25rnM-Mg2+. The reason for this is not known, but (Table 5) . it was not observed at 5mM-Mg2+. Nevertheless the Effect of pH. In all three species investigated, in responses of the adult and embryonic FDPase to both adult and embryonic livers, the optimum AMP inhibition were very similar. In some cases for FDPase activity was obtained at pH7*5 382 1967 Table 6 . Effect of pH on the activity of the fructose 1,6-diphosphata8e from the liver8 of embryonic and adult rats, sheep and fowls Values are the means+ s.E.M. of at least three replicates (see Table 1 ). Activity was measured in the presence of 50mM-tris, 5mM-Mg2+, 100,uM-fructose diphosphate and pH as specified. Other details are given in the text or in Table 3 (Table 6 ). These findings are not in agreement with the earlier work of Gomori (1943) , who found a pH optimum of about 9-0, or with the work of Byrne (1964) , who showed that FDPase from rat liver had two pH optima (pH 90 and 7.0). McGilvery (1964) showed that the pH optimum depends very markedly upon the Mg2+ concentration and the buffer. Thus it seems probable that the conditions of the assay are important in determining the pH optimum for this enzyme. Nevertheless the pH profiles for adult and embryonic FDPase were very similar, as shown by the ratios ofactivities, adult/embryonic (Table 6 ). The inhibition of foetal rat liver FDPase by AMP and excess of substrate is relieved by raising the pH, in a manner similar to that described for adult liver FDPase byUnderwood & Newsholme (1965b). DISCUSSION Burch et al. (1963) investigated some key enzymes of glycolysis and gluconeogenesis in developing rat liver; they found relatively high activities of hexokinase, phosphofructokinase and pyruvate kin.ase and low activities of glucose 6-phosphatase and FDPase, suggesting that glucose degradation rather than synthesis is a major metabolic pathway for embryonic rat liver. The opposite situation exists in embryonic chick liver: the activities of hexokinase, phosphofructokinase and pyruvate kinase are relatively low, but the activities of glucose 6-phosphatase and FDPase are very high. In embryonic chick liver the formation of glucose from non-carbohydrate sources is of prime importance. After hatching, the degradative pathway develops, and at the same time there is a decrease in the enzymic capacity for glucose formation. The embryonic liver of the sheep is interesting in that, from the activity of some of these enzymes, it seems to have properties somewhere between those of chick and rat liver: thus the activities of both phosphofructokinase and FDPase are relatively high but the activities of both hexokinase and glucose 6-phosphatase are very low. This would suggest that the activities of FDPase and phosphofructokinase are related more to glycogen than to glucose metabolism. This is supported by the high activities of both phosphorylase and glucosyltransferase in embryonic liver of the sheep (Ballard & Oliver, 1965) .
The inhibition of adult liver and kidney FDPase by AMP or excess of substrate have been discussed in relation to control of glucose formation (Taketa & Pogell, 1965; Underwood & Newshohme, 1965b) ; more direct evidence has been obtained for the role that AMP plays in the regulation of glucose metabolism in these tissues (Krebs, Newsholme, Speake, Gascoyne & Lund, 1964; Newsholme & Underwood, 1966; Gevers & Krebs, 1966) . Taketa & Pogell (1965) proposed that AMP is an allosteric inhibitor of adult rat liver FDPase: the inhibition curve was sigmoid, the enzyme bound more than one molecule ofAMP and the binding sites for AMP were spatially distinct from the substrate-binding site.
The present investigation showed that the properties of FDPase from embryonic livers were very similar to the adult liver enzymes, and that the differences between the three species studied were exceptionally small. In particular, adult and embryonic FDPase showed generally similar sensitivities to AMP and substrate inhibitions; the effect of Mg2+ on AMP inhibition was the same, and the effects of pH on FDPase activity and AMP inhibition ofthese enzymes were similar. The embryonic FDPase was obtained at an early stage of development of the liver, and, as discussed above, the function of FDPase in the embryonic tissues would appear to be quite distinct in the three species studied.
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